A complete three-dimensional mapping of the 21 proteins of the small ribosomal subunit of E. coli has been generated from 105 interprotein distance measurements derived from small-angle neutron scattering data, obtained in solution. A statistical analysis of the map and comparison with the results of similar mappings, using other biochemical or biophysical measurements, are presented.
In all living organisms, the process of protein synthesis is mediated by a complex ribonucleoprotein organelle, the ribosome. The ribosome is comprised of a large and a small subunit. The large ribosomal subunit of the bacterium Escherichia coli consists of 32 different proteins and two ribonucleic acid (rRNA) molecules. The small ribosomal (30S) subunit has 21 unique polypeptides and a single rRNA (Giri, Hill & Wittmann, 1984; Wittmann-Leibold, 1986) . Approximately one-third of the total mass of the ribosome is protein and the rest RNA. While much is known of the function of the ribosome, from a phenomenological viewpoint we lack a detailed picture of its threedimensional structure, and as a result detailed mechanistic interpretations of ribosome function have not been developed.
The quaternary organizations of the ribosomal proteins and RNA's have been investigated by many techniques, including immune-electron microscopy (Lake, 1985; Stoeffier & Stoeffler-Meilicke, 1986) , fluorescence energy transfer (Huang, Fairclough & Cantor, 1975) , bifunctional chemical crosslinking (Brimacombe, Maly & Zweib, 1983) . We have constructed a map of the relative 3-space positions of the proteins of the small ribosomal subunit from a large set of interprotein distances obtained from neutron diffraction measurements of 30S subunits in solution (Moore, Langer, Schoenborn & Engelman, 1977; Langer, Engelman & Moore, 1978; Schindler, Langer, Engelman & Moore, 1979; Ramakrishnan, Capel, Kjeldgaard, Engelman & Moore, 1984; Capel, et al., 1987; Capel, Kjeldgaard, Engelman & Moore, 1988) .
The method used to abstract interprotein distance information from solution scattering data Moore, 1979; Ramakrishnan & Moore, 1981) relies upon the following facts: (1) ribosomes can be disaggregated into their constituent proteins and rRNAs, which can be purified in high yield; (2) it is possible to reconstitute intact active ribosomal particles from purified proteins and rRNAs; and (3) prokaryotes can subsist on media containing deuterium instead of hydrogen.
These facts enable us to generate reconstituted 30S ribosomal particles in which specific pairs of proteins are labelled with the hydrogen isotope opposite to that present in the bulk particle. By measuring the neutron scattering intensities of isotopically labelled 30S ribosomal subunits in solution that is contrast matched to their bulk scattering-length density one can obtain a good estimate of the partial scattering function, whose properties are modulated by the distance between and the shapes of the labelled pair of proteins. This partial scattering function is a damped sinusoid in form and is usually referred to as the pair interference function Ix(s), where s = 2(sin 0)/2 (see top panels of Fig. 1 ). The sine-Fourier transform of Ix(s) is P(r), the distribution function of the magnitudes of all vectors connecting nonexchangeable hydrogen sites between the labelled pair of proteins (see bottom panels of Fig. 1) .
The parallel-axis theorem can be invoked to show that the second moment of P(r), Mij, is the sum of the squares of the radii of gyration of nonexchangeable hydrogen sites of each protein of the labelled pair (Ri, R j) and the square of the distance between their centroids (after expanding the distance as coordinates with respect to an arbitrary origin, with i,j denoting the two proteins of the pair):
(1)
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In the optimization computations upper-and lower-bound constraints upon the radii of gyration were employed to prevent convergence towards nonphysical values. This was necessary because the proteins are small in comparison with the distances separating their centers, and thus the radii of gyration have small weight in the calculations. Proteins whose radii of gyration were determined by constraint are marked with an asterisk in Table 1 . The data argue that proteins S 1, $2 and $4 have large axial ratios, but strong statements concerning the asymmetry of the remaining proteins cannot be supported by this data.
Any map generated from a set of distances suffers from enantiomeric degeneracy. That is, the mirror image of the configuration shown in Fig. 2 is equally consistent with the interprotein distance data. The enantiomeric degeneracy of the neutron map was resolved by reference to results of immune-electron microscopy (IEM) of the small ribosomal subunit ---~_'__. _,~~r~ (Lake, 1985; Stoettler & Stoeffler-Meilicke, 1986 ). It is apparent that specific map positions, as well as Fig. 3 . Errors in protein map positions. Ellipsoids represent the approximate ltr confidence intervals for centroid positions of Fig. 2 (right view) . Contours represent the overall shape of the 30S ribosomal subunit. The principal axes of each ellipsoid are the eigenvalues of the 3 x 3 submatrix (one for each protein) from the overall parameter correlation matrix generated by the optimization calculations.
O @ f Fig. 4 . Comparison of neutron map with a mapping of surfaceexposed antigenic sites of ribosomal proteins of the 30S subunit obtained by immune-electron microscopy (Stoeffler & Stoettler-Meilicke, 1986 ).
the protein clustering patterns of the two maps, are very similar. The only significant discrepancies involve the proteins $2 and S16. The apparent inconsistencies are partially resolved by the fact that the IEM method detects exposed protein surfaces, whereas the neutron method yields centroid positions. Nevertheless, the displacements between the IEM and neutron positions of $2 and S16 are commensurate with the joint error envelopes of the two maps. Fig. 5 shows a correlation of the neutron map with a subset of bifunctional chemical crosslinks between 30S ribosomal proteins reported in the literature (Brimacombe et al., 1983; Lambert, Boileau, Cover & Traut, 1983) . The 13 crosslinks shown in this figure were reported by two or more independent laboratories. It is obvious that these 'consensus' chemical crosslinks between 30S proteins correspond to spatial proximity ?.? in the neutron map. Of the remaining 16 nonconsensus crosslinks found in the literature eight are between proteins closely apposed in the neutron map. The remaining eight non-consensus crosslinks are between proteins that are separated by distances greater than the range of the crosslinking reagents used. Five of the discrepant crosslinks involve S13 (Capel et al., 1988) . Therefore one must entertain the possibility that either we have mismapped S 13 or that some methodological artifact renders problematic interpretation of crosslinks to S13. We point out, however, that the positioning of S13 is highly consistent with the mapping of S13 obtained in IEM studies. Under appropriate circumstances ribosomes spontaneously assemble from free proteins and rRNA by a well characterized pathway of protein-protein and protein-rRNA interactions (Mizushima & Nomura, 1970; Held, Ballou, Mizushima & Nomura, 1974) . In Fig. 6 the protein-protein interactions of this pathway have been superimposed on the neutron map of the 30S subunit. All major assembly interactions are represented by arrows between spheres representing the corresponding proteins in the neutron map. It can be seen that strong assembly pathway protein interactions are between proteins that are separated by small distances in the neutron map. This would seem to indicate that ribosome assembly is a local process and that, at least as far as interactions between proteins are concerned, the ribosome is built up from contacts between neighboring proteins. It seems likely that 16S rRNA provides the basis for global or long-range organization of the structure.
The completion of a map of the quaternary structure of the proteins of the small ribosomal subunit is a mere first step on the path to an understanding of ribosome structure and function. A group in Berlin and Grenoble is in the process of compiling a similar mapping for the 50S subunit of E. coli, also using neutron diffraction (Nierhaus et al., 1983; Nowotny, May & Nierhaus, 1986) . A number of groups are in the process of solving atomic structures of ribosomal proteins via crystallography (Wilson, Krzysztof, Badger, Tanaka & White, 1986; Leijonmark, Erickson & Liljas, 1980) or NMR (van de Ven, de Bruin & Hilbers, 1984) . The problems associated with the secondary and tertiary structures of ribosomal RNA are being attacked by chemical (Expert-Bezancon & Wollenzien, 1985; Brimacombe, Atmagja, Kyriatsoulis & Stiege, 1986) and NMR techniques (van de Ven, de Bruin & Hilbers, 1984) . We can hope that in the not too distant future the structure and therefore a detailed mechanistic model of one of the most complex enzymatic systems will be in hand.
This work was supported by a grant from NIH (AI-09167, to PBM) and a PHS fellowship (F32 GM08320-03, to MSC). Most neutron scattering data were acquired at station H9 of the High Flux Beam Reactor of Brookhaven National Laboratory, under the auspices of the Office of Health and Environmental Research of the Department of Energy.
